Attempts were made to assess the role of thiols and to determine the cathepsins involved in the degradation of serum albumin in mouse liver and kidney lysosomes.
stimulatory effects of thiols in these extracts suggested that formaldehyde-denatured albumin was degraded primarily by the thiol proteinases, but that native albumin or albumins denatured by disulphide-bond reduction or by treatment with 8 M-urea were attacked by cathepsin D. Denaturation of serum albumin by any of the methods used caused a shift in the pH optimum of albumin catabolism by tritosome extracts or by purified cathepsin D from approx. 3-4 to 5-6. These results were discussed in terms of a possible mechanism for the catabolic aspect of serum albumin turnover.
Formaldehyde-treated serum albumin labelled with [125I]-or [131Il-iodide has been used as a substrate in studies on intralysosomal proteolysis (Davies et al., 1971; Bertini et al., 1972; Mego, 1973; Nilsson & Berg, 1977; Marzella & Glaumann, 1980) . A thiol compound such as cysteine or ,B-mercaptoethanol is required for maximum rates of degradation of this protein in lysosomes (Mego & McQueen, 1965; Mego, 1973) . Similar observations have been made in studies on the degradation of thyroglobulin in thyroid lysosomes (Peake et al., 1967; Pisarev & Dumont, 1975; Fouchier et al., 1983b) . Suggestions have been made that the function of thiols in the facilitation of intralysosomal proteolysis may be to reduce substrate disulphides Abbreviation used: GSH, reduced glutathione. (Wollman, 1969; Pisarev & Dumont, 1975; Van Herle et al., 1979) , and some evidence for this has been obtained (Libenson & Jena, 1963 , 1964 Kooistra et al., 1982) . This function of GSH and perhaps other cellular thiols appears not to be enzymically mediated (Griffiths & Lloyd, 1979; Kooistra et al., 1982) . However, lysosomes contain several thiol proteinases that require a thiol compound such as GSH for activity (Barrett et al., 1977; Kirschke et al., 1976 Kirschke et al., , 1977 , and the stimulatory effects of thiols on intralysosomal proteolysis may be to keep active-site sulphur of these proteinases in the reduced state. disulphides are not reduced. The defect in cystinosis has been shown to be due to an impaired exodus of cystine Jonas et al., 1982; Steinherz et al., 1982) rather than entry of a disulphide-reducing agent or faulty reduction of disulphide bonds. Thus the function of thiols as stimulators of intralysosomal proteolysis has not been resolved. Indeed, another function of thiols such as GSH may be to stabilize lysosome membranes.
Serum albumin is a linear polypeptide of about 65 000-70000 Da containing 17 disulphide bridges (Putnam, 1965; Brown, 1974 Brown, , 1975 . The protein is rapidly degraded in lysosomes in both the liver and kidneys after intravenous injections into mice, but only if it is denatured in some manner such as treatment with formaldehyde (Mego, 1971) . Undenatured bovine serum albumin is a better substrate for the thiol cathepsins than for cathepsin D at pH 5, but carboxymethylation of thiol groups causes the protein to become more susceptible to attack by cathepsin D (Huisman et al., 1974) . The pH optimum of cathepsin D is about 3 (Woessner, 1973; Ferencik & 9tefanivic, 1974; Cunningham & Tang, 1976; Ducastaing et al., 1976) . Thus it would appear that this proteinase should not be involved in intralysosomal proteolysis to any great extent, since intralysosomal pH is known to be approx. 5.
The present studies were undertaken to assess the role of thiol compounds, particularly GSH, in the intralysosomal degradation of serum albumin. with carrier-free Na'25I and treated with formaldehyde as previously described (Mego, 1971 (Mego, , 1973 . Disulphides of I25I-labelled albumin (non-formaldehyde-treated) were reduced and alkylated by treating 60mg of protein with 10-fold molar excess (with respect to disulphides) of dithiothreitol in 8 M-urea and 50mM-Tris/acetate buffer, pH8, for 4h. A 2-fold excess (with respect to dithiothreitol) of iodoacetate was then added, and the mixture was left at room temperature for 30min. The same procedure was used in the preparation of partially alkylated albumin, except that dithiothreitol only sufficient to reduce half the disulphide bonds of albumin was used. Reduced nonalkylated albumin was prepared with 10-fold excess of dithiothreitol in 8M-urea Leighton et al. (1968) as described by Dean (1977) . After removal from sucrose gradients, the tritosomes were dialysed for 4h against distilled water at 4°C. Centrifugation at 48000g for 30min sedimented lysosome membranes, and the clear supernatant was stored frozen until used. These extracts were used within 4 weeks of preparation.
Tritosome extracts were assayed at 37°C in 0.25 ml volumes containing 0.1 M-Tris/citrate buffer, 0.5mg of labelled protein and other additions as described in the text. Tris/citrate buffers were prepared by adding Tris to a solution of citric acid to the desired pH at room temperature and then adjusting the volume to 0.5M-citrate. The actual pH of these buffers was measured at 37°C at the dilution used in proteinase assays. Proteolysis was assayed by removal of samples (at least 20000 c.p.m.; background approx. 150 c.p.m.) to 3.5 ml counting vials containing 0.05 ml of 20% (w/v) bovine serum albumin as coprecipitant, followed by 3 ml of 10% (w/v) trichloroacetic acid. These were counted for radioactivity in a gamma counter (80% efficiency with 1251) with automatic sample changer. They were then chilled, centrifuged, and the acid-soluble fraction was decanted into fresh counting vials and counted for radioactivity to determine the fraction of protein hydrolysed. Reaction mixtures were incubated for periods sufficient to obtain approx. 50% hydrolysis (25-75%) Lowry et al. (1951) , except that 0.1 ml of 10% (w/v) deoxycholate, pHI11, was added to the samples before addition of the reagents to prevent precipitation of Triton WR-1339, which was present in the preparations. Appropriate bovine serum albumin standards were run with each assay.
Cathepsin D (bovine spleen; approx. 10 units/ mg of protein) was obtained from Sigma. The preparation was dissolved in water and dialysed against 2 litres of cold distilled water for 6 h before use. Assay of this enzyme was performed similarly to the procedure described above for tritosome extracts.
The inhibitors leupeptin hemisulphate and pepstatin A (Sigma) were added at concentrations of 20iM and 12 UM respectively. A plot of degree of inhibition of hydrolysis of a variety of albumin substrates by tritosome extracts against concentration of inhibitor showed that 10-40 pM-leupeptin and 3-30 pM-pepstatin inhibited to the same extent respectively. Leupeptin was dissolved in water at a concentration of 100ug/ml and kept frozen until used. Pepstatin was dissolved in 50% (v/v) methanol at the same concentration. Equal volumes of 50% methanol were added to controls in studies with pepstatin.
Intralysosomal proteolysis
Assays of proteolysis in mouse liver and kidney lysosomes were performed essentially as previously described (Mego, 1971 (Mego, , 1973 . Mice were injected into the tail vein with 0.1 ml (1 mg, approx. 1 x 107-5 x 107 c.p.m.) of labelled protein, and the animals were killed 30min later. Organs were removed and homogenized in cold 0.25M-sucrose. Particulate fractions sedimenting between 5OOg and 30000g containing lysosomes filled with 1251-labelled albumin (approx. 105-106 c.p.m.) were thoroughly suspended with a pipette in 5ml of cold 0.25M-sucrose. Portions (0.5 ml) of these suspensions were added to 4.5ml of preincubated (37°C) reaction mixtures, consisting of 0.25 M-sucrose, 5mM-MgCl2, 50mM-Tris/acetate buffer, pH 7.2, and other additions as described in the text. The pH of GSH was adjusted to that of the incubation mixture and all thiols were added immediately before the particulate suspensions. Samples were removed at zero time and at intervals (usually 1 h), and added to counting vials, followed by 10% (w/v) trichloroacetic acid. These samples were counted for radioactivity, chilled and centrifuged to pack the undegraded protein. Supernatant fractions were decanted into fresh vials and counted to determine the percentage of the total radioactivity converted into acid-soluble form. This procedure has been demonstrated to be a valid measure of intralysosomal proteolysis (Mego, 1973) .
Chemicals and reagents
Thiols, iodoacetate, iodoacetamide, leupeptin, pepstatin, Tris, sucrose, citrate and certain other chemicals were purchased from Sigma. Triton WR-1339 was purchased from Ruger Chemical Co., Irvington, NJ, U.S.A. ['25I]Iodide (carrierfree) was obtained from ICN, Irvine, CA, U.S.A. All other chemicals were reagent grade or the purest available from laboratory-chemical distributors.
Animals
Adult albino mice and Sprague-Dawley rats were obtained from Charles River Breeding Laboratories, Wilmington, MA, U.S.A. These animals were maintained in the animal facilities of this institution until used. Fig. 1 shows the stimulatory effects of cysteine and GSH concentrations on proteolysis of formaldehyde-treated albumin in mouse kidney and liver lysosomes. Both thiols were effective in kidney lysosomes, but GSH had no effect on proteolysis in lysosomes from liver. GSH, a much larger molecule, was significantly more effective than cysteine at low concentrations in kidney lysosomes, and the effect was saturable at a concentration of 2 mM. Cysteine and GSH were equally effective when tested in a particulate-free tritosome extract with formaldehyde-treated albumin as substrate, and both were saturable at 10-20mM concentrations (J. L. Mego, unpublished work).
Results

Effects of thiols on intralysosomal proteolysis
The stimulatory effect of GSH on proteolysis in kidney lysosomes may have been due to something other than reduction of substrate disulphide bonds. For example, the thiol may have acted on the membrane, perhaps by stabilizing lysosomal integrity. However, GSH had a negligible effect on proteolysis if the intralysosomal substrate was serum albumin without disulphide bonds, e.g. reducedalkylated albumin. Six experiments with this protein resulted in three stimulatory effects (9-35%) and three inhibitions (7-10%) with 2mM-GSH, resulting in a mean stimulation of 6+7% (see Table 2 ). Thus, if the stimulatory effect of GSH were on something other than substrate disulphide bonds, the effect should have been independent of the substrate.
Lack of a stimulatory effect by GSH on proteolysis in liver lysosomes indicated that the tripeptide Vol. 218 did not penetrate the membrane. Attempts were made to determine if a cofactor or some special conditions were required for the transport of GSH into liver lysosomes. These efforts included the additions of cell-free liver extracts, reduced or oxidized nicotinamide nucleotides, ascorbate, ATP, bivalent cations and various combinations of these at pH 7-8. GSH had no effect in the presence or absence of these additions. With the exception of ATP, which stimulated proteolysis as previously described (Mego et al., 1972) , the additions above also produced no effects. The tripeptide therefore appears to be important in facilitating proteolysis in kidney lysosomes, but not in lysosomes from liver.
Effects of thiols on the activity of cathepsin D Kooistra et al. (1982) showed that GSH stimulates cathepsin D activity with albumin or insulin as substrate. This stimulatory effect was attributed to a non-enzymic reduction of substrate disulphide bonds. However, Kooistra et al. (1982) did not exclude the possibility that cathepsin D may be stabilized by GSH or that the thiol may have some allosteric modulating function. If GSH facilitates proteolysis by reducing disulphide bonds, then the thiol should have no effect if the substrate has no disulphides. Fig. 2 shows that GSH stimulated the degradation of albumin, but not if disulphides were completely reduced and alkylated. An intermediate degree of stimulation was obtained if albumin disulphides were only partially reduced and alkylated. Effects ofpH on albumin degradation by lysosomal cathepsins Fig. 3 shows the effect of pH on degradation of undenatured and formaldehyde-treated albumin by a rat liver tritosome extract. Denaturation caused a shift in the pH optimum from 3.5-4.3 to 5-5.4. Fig. 4 Fig. 3 , except that the incubation time was 4h for reduced-non-alkylated (0) and for reduced-partially alkylated albumin (A). Incubation time was 2h for fully reduced-alkylated (0) and urea-treated (V) albumin. The reaction mixture for urea-treated albumin contained 17pg of tritosome-extract protein rather than 11 pg. optima of these proteins was also shifted to the more alkaline, particularly the reduced-alkylated proteins. These proteins also showed two peaks of activity that were more widely separated in the irreversibly denatured (alkylated) proteins. Fig. 5 shows pH/activity curves of degradation of reduced-alkylated and undenatured albumins by cathepsin D. The curve for undenatured albumin is almost identical with that shown in Fig.  2 . The peak of activity for crystalline cathepsin D, however, was somewhat more in the acid range, pH 3.3-3.9. Suggestions oftwo peaks, similar to the two distinct peaks produced by tritosome extracts, were present in the cathepsin D-catalysed hydrolysis of reduced-alkylated albumin. The pH optimum was clearly shifted to the right for the reduced-alkylated albumin.
Effects ofpepstatin, leupeptin and thiols Table 2 shows the stimulatory effects of thiols and the inhibitory effects of iodoacetamide on proteolysis of denatured albumins in mouse kidney and liver lysosomes. Data from Fig. 1 are also tabulated in Table 2 for comparison. Cysteine as well as GSH was used in the experiments with kidney lysosomes for consistency, since GSH had no effect on liver lysosomes. Many of the denatured albumins tested were not taken up into kidney lysosomes in quantities sufficient to measure proteo- Table 1 . Effects of leupeptin, pepstatin and cysteine on albumin degradation by rat liver tritosome extracts Protein substrates (bovine serum albumin) were labelled with 12 5-I and proteolysis was measured by the conversion of trichloroacetic acid-insoluble into acid-soluble radioactivity during incubation at 37°C in 0.25 ml volumes containing 5OmM-Tris/citrate, 0.5mg of protein substrate and 15 ig or 50jug (for formaldehyde-treated albumin) tritosome extract. Incubation times were sufficient to obtain approx. 50% hydrolysis, usually 2-4h depending on the substrate. (7) 6±7 (6) lOmMCysteine 69+10 (9) 9+10 (8) 6+10 (11) Liver lOmMCysteine 58+4 (6) -11+3 (8) 24+4 (10) 49+3 (6) 31+3 (9) Inhibition by iodoacetamide (%) Kidney 78+4 (5) 33±6 (8) 46+8 ( treated and reduced-alkylated serum albumins in mouse kidney and liver lysosomes Lysosomes filled with I25I-labelled formaldehydetreated or reduced-alkylated albumin were centrifuged from tissue homogenates and incubated in media containing 0.25M-sucrose, 5mM-MgCl2, lOmM-cysteine and 50mM-Tris/acetate buffers. Intralysosomal proteolysis was assayed by analysis of trichloroacetic acid-soluble radioactivity produced during 60min incubation at 37°C. Liver lysosomes: 9, formaldehyde-treated albumin; A, reduced-alkylated albumin. Kidney lysosomes: 0, formaldehyde-treated albumin; A, reduced-alkylated albumin.
lysis, and others were taken up very poorly. Thus data on effects of cysteine and iodoacetamide were more reliable in liver lysosomes. These experiments were also performed in the presence of ATP, which has been shown to stimulate intralysosomal proteolysis in neutral or alkaline media (Mego et al., 1972; Mego, 1975) with little or no difference in the results.
The pH optima for formaldehyde-treated and reduced-alkylated albumin degradation were about 5.2 and 5.8 respectively (Figs. 2 and 3 ). Fig. 6 shows the pH/activity curves for intralysosomal proteolysis of these proteins in mouse liver and kidney lysosomes. The pH optimum for hydrolysis of formaldehyde-treated albumin was clearly about 5, and that for reduced-alkylated albumin was in the vicinity of 6. These results provide further evidence that the properties of proteolysis by tritosome extracts were similar to those in liver and kidney lysosomes.
Discussion
Serum albumin consists of a single polypeptide chain with 17 disulphide bonds (Brown, 1974 (Brown, , 1975 . Degradation of this protein by cathepsin D is stimulated by thiols such as GSH (Kooistra et al., 1982) . However, if the disulphides of albumin were reduced with dithiothreitol and alkylated to prevent reoxidation, GSH or cysteine had no effect. These results and the work of Libenson & Jena (1963 , 1964 establish that GSH and other thiols facilitate proteolysis by reducing the disulphide bonds of protein substrates.
Proteolysis in liver lysosomes was not stimulated by GSH in the particulate system described in the present studies. The reason for this is not clear, but the most likely explanation is that the tripeptide did not penetrate the liver lysosome membrane. Cysteine is an effective stimulator of albumin degradation in these lysosomes (Mego & McQueen, 1965; Mego, 1973 ; see also Fig. 1 ). Intracellular concentrations of this amino acid, however, are in the range 10-100 uM, compared with 0.5-10mM for glutathione (Meister & Tate, 1976; Cooper, 1983) . Proteolysis of formaldehyde-treated albumin was sensitive to GSH concentrations as low as 50 SM (not shown in Fig. 1 ) in mouse kidney lysosomes, and cysteine had no effect at this concentration. Thus GSH, a much larger molecule than cysteine, was a more effective stimulator of intralysosomal proteolysis. GSH and cysteine were equally effective in membrane-free systems catalysed by tritosome extracts (J. L. Mego, unpublished work). Neither cysteine nor GSH had significant effects on proteolysis in kidney lysosomes if the substrate contained no disulphide bonds (reduced-alkylated albumin). These observations suggest that a systeni may exist to facilitate entry of the tripeptide into kidney lysosomes.
In general, results obtained on the effects of thiols and iodoacetamide on intralysosomal proteolysis (Table 2) correlated well with those obtained with rat liver tritosome extracts. Intralyso' somal degradation of formaldehyde-treated albumin was most highly stimulated by thiols and inhibited by iodoacetamide in both liver and kidney lysosomes, suggesting that thiol proteinases were more important. Degradation of formaldehyde-denatured albumin was also maximally stimulated by thiols in tritosome extracts, and little activity was noted in their absence. Barrett (1973) has shown that purified cathepsin B1 is inactive in the absence of thiols after storage. Degradation of formaldehyde-denatured albumin by; tritosome extracts was also inhibited more by leupeptin than by pepstatin, suggesting a greater involvement of thiol proteinases. The bonds appeared to be necessary in protein substrates to elicit a stimulatory effect by thiols on intralysosomal proteolysis. This suggests that thiols function to facilitate proteolysis in lysosomes by reducing disulphide bonds of protein substrates. Inhibitory effects of iodoacetamide on proteolysis in lysosomes suggested a greater involvement of cathepsin D in the degradation of reduced or ureatreated albumins. These results also correlated well with the inhibitory effects of pepstatin on the degradation of reduced-alkylated, reduced-nonalkylated, or urea-treated albumins by tritosome extracts, which suggested that cathepsin D was involved.
Although the results described in the present studies suggest that thiols facilitated intralysosomal proteolysis by reducing disulphide bonds, there is a good possibility that these disulphides are not reduced in vivo in all lysosomes. Cystine is known to accumulate in fibroblast or leucocyte lysosomes from cystinotic patients (Schulman et al., 1969) , and evidence has been presented that the amino acid arises from intralysosomal proteolysis (Thoene et al., 1977; Thoene & Lemons, 1982) . Thoene et al. (1976) have proposed that the physiological disulphide reductant may be cysteamine, on the basis of the observation that this substance facilitates removal of accumulated cystine from cystinotic cells by reduction to cysteine. Kooistra et al. (1982) have added further support for this hypothesis by providing evidence that both cysteamine and its oxidized product cystamine are permeant to the lysosome membrane. However, the defect in cystinosis appears to be impairment of cystine transport from lysosomes Jonas et al., 1982; which suggests that protein disulphide bonds or cystine products of proteolysis are not reduced in these lysosomes. Thus GSH may be the physiological protein disulphide-bond reductant in certain lysosomes (e.g. kidney), but not in others. Another type of lysosome in which proteolysis is stimulated by GSH is the thyroid lysosome (Pisarev & Dumont, 1975; Peake et al., 1967) . However, a significant fraction of lysosomes sedimented from rat thyroid homogenates appears to be permeable to relatively large molecules such as leupeptin, p-nitrophenyl phosphate or ZnSO4 (Fouchier et al., 1981 (Fouchier et al., , 1983a . GSH may stimulate proteolysis by entry through tears in these damaged lysosomes.
A variety of experimental evidence has been reported in the present studies that cathepsin D is the major proteinase involved in the catabolism of serum albumin, except formaldehyde-treated albumin, by lysosomal enzymes. For example, the pH/activity curves for the catabolism of native serum albumin catalysed by crystalline cathepsin D or tritosome extracts, the inhibitory effects of pepstatin, leupeptin and iodoacetamide on proteolysis catalysed by tritosome extracts, and the effects of iodoacetamide and the pH curves for the catabolism of reduced-alkylated albumin in lysosomes, are consistent with this hypothesis. These results are not in agreement with the work of Huisman et al. (1974) , who found no inhibitory effects of pepstatin on the degradation of native bovine serum albumin by a rat liver tritosome extract at pH 5 in the presence of 2mM-dithiothreitol. Under these conditions, however, leupeptin inhibited proteolysis by approx. 50%, a result in agreement with the data reported in the present studies. The reason for the discrepancy of the results with pepstatin is not clear.
The pH within rat liver lysosomes has been estimated to be about 5 (Reijngoud & Tager, 1973; Hollemans et al., 1979; Ohkuma et al., 1982) , and in macrophages it is 4.7-4.8 and may fall to as low as 4.5 (Ohkuma & Poole, 1978) . The pH optimum for degradation of crystalline bovine serum albumin by cathepsin D was approx. 3.0-4.4 (Fig. 5) . Ferencik & gtefanovic (1974) , using human serum albumin, reported a peak at pH 3.0-3.5 for purified chicken spleen cathepsin D. At pH 5, the rate of albumin hydrolysis by tritosome extracts was approx. 20% of that at the pH optimum (Fig. 2) . These preparations of albumin undoubtedly contained some denatured protein, which may have accounted for the activity at pH 5, since denaturation shifted the pH optimum to 4.5-5.9. It is possible, therefore, that little or no degradation of native albumin by lysosomal proteinases occurs at pH5. Half-lives of serum albumin in the blood streams of a variety of animals have been measured (Gitlin et al., 1951; Goldsworthy & Volwiler, 1957; McFarlane, 1957) , but little is known about the mechanisms involved in albumin degradation. Since there appear to be no binding sites for albumin uptake in the liver (Stremmel et al., 1983) , albumin turnover may be accomplished by pinocytosis. Normal albumin would not be degraded after fusion of pinocytosis vesicles with lysosomes, but any denatured molecules would be attacked. Undegraded albumins may then be recycled to the blood stream by exocytosis. This system may function as a sieving or screening process for serum albumin turnover.
